Sequence analysis shows that an 1ce nucleation gene (1naW) from Pseudomonas fluorescens 1s related to the InaZ gene of Pseudomonas syringae. Tfie two genes have diverged by many amino add substitutions, and nave effectively randomized the third bases of homologous codons. By reference to their potential for change, 1t 1s shown that certain conserved features must have been maintained by selection pressure.
INTRODUCTION
Several genera of Gram-negative bacteria contain members able to nucleate the crystallization of 1ce 1n supercooled water (1,2,3). It 1s believed that nucleation 1s achieved by organizing large numbers of water molecules to form an ice crystal seed. The structures capable of doing this are of considerable Interest, because they represent an unusual adaptation of biological molecules.
In particular, these structures might provide Insights into the Interaction of biomolecules with water. Genes encoding 1ce nucleation activity have been cloned from Pseudomonas syrinqae (4) and P_. fluorescens (5). The sequence of the InaZ gene from £. syrinqae was found to be Internally repetitive (6), suggesting that a protein with repetitive primary and secondary structure may be responsible for 1ce nucleation.
A number of other proteins have been found to possess repetitive primary sequences (7). These Include silk (8), the surface antigens of malarial drcumsporozoites (9,10), Protein A from Staphylococcus aureus (11) and the antifreeze proteins of certain fish (12,13).
The Internal reiteration usually reflects the performance of similar functions by adjacent sections of the primary structure. Not surprisingly, most examples of Internal repetition are found 1n proteins with non-enzymatic functions; it would be more difficult to understand the utility of possessing multiple sites for catalysis 1n cis.
A protein which organizes water molecules into an 1ce-l1ke array must provide a template with very regular spacing, and thus it appears significant that the 24-base pair motif 1n inaZ 1s repeated with absolute regularity. How can its protein product be folded so as to present a suitable template? Certain additional features of the inaZ sequence may provide clues, particularly a six-fold periodicity superimposed on the basic motif.
In this contribution we report that the inaW gene from £. fluorescens 1s a significantly diverged homologue of inaZ. The conservation of certain features of the periodicity appears to be significant, and holds important Implications for the structure and function of the genes' products.
A DNA sequence encoding a repetitive protein may Itself display unusual genetic properties as a consequence of phenomena related to recombination. Amplification and deletion of repeats can occur with relative ease. The resulting genes will often encode proteins which are still (at least to some extent) functional. Moreover, intragenic "gene conversion" may operate over an evolutionary time scale to make repeats more mutually similar than would be expected by selection for function. Thus the genetic plasticity of such DNA sequences adds to the difficulty of Inferring functional significance from similarities 1n proteins from different species. On the other hand, the variation between repeats within a gene can provide additional information that is valuable in the understanding of function.
MATERIALS AND METHODS

Sequencing
A 5.4 kb DNA fragment, from the Kpnl site to the Sail site of pLVC46::kanlll (5), was cloned Into vectors pUC18 and pUC19 (14). Both of the resulting subclones conferred 1ce nucleation activity equivalent to that conferred by previous plasmid clones. Mapping had indicated that the relevant gene(s) were confined to a region of 4.6 kb directly adjacent to the Sail site: a sequence determination was made for this region only. A range of restriction fragments was generated by partial digestion with Sau3A, Hpall, TaqI, or PstI, and complete digestion with EcoRl or Hindlll. These fragments were cloned Into the M13 mpl8 and mp!9 vectors (14). In order to draw Inferences from the comparison of the InaW and InaZ proteins, 1t was necessary to know the extent to which their similarity had resulted from selection for maintenance of function. This was first estimated by comparing the similarity of aligned DNA sequences at each position of the codon. The inaW and 1naZ sequences were aligned in two regions of strong horology, and the comparison is plotted 1n Figure 2. (Gaps  1n the alignment precluded the comparison of a single contiguous region) . The relationship between corresponding third positions was observed to be effectively random, whereas nucleotides at the other two positions of the codon were strongly conserved 1n most regions.
Therefore, 1t may be concluded that function has been conserved against mutational pressure, since the genes' divergence.
Comparison of repeat patterns
The translation products predicted for the InaW and inaZ genes are compared in Figure 3 . Because the organisation of repeats is of key interest, the sequences are not merged; Instead, each is divided Into words, lines, and blocks by the same criteria. It 1s apparent that the criteria Are these features necessarily maintained by selection? The alternative, again, 1s that amplification or gene conversion 1n els 1s responsible. But unless the codon's third base shows periodicities similar to those 1n the first two bases, the other explanations break down and selection must be Invoked. This was examined by an algorithm which plots separate self-comparison homology matrices for each position of the codon (Figure 5 ). In the third position, no significant periodicity was observed at the 8-and 16-codon level, which strongly implies that these levels of repetition are maintained by selection, and therefore have a functional role. At the 48-codon level, all codon positions 1n Block 2 of inaW show a very strong periodicity: thus amplification or correction has been active comparatively recently, and the 48-codon periodicity here need not be ascribed to selection. By contrast, the 48-codon periodicity 1n Block 2 of inaZ and 1n Block 3 of both genes was much weaker in the third position of the codon than 1n the first two positions.
From this we Infer that the 48-codon periodicity is selected, but that amplification or mismatch correction also play a role 1n its maintenance.
The possibility of amplifying useful repeats and eliminating dysfunctional ones would reduce the mutational load of maintaining a functional gene. positions 7, 10, and 16, the latter explanation 1s favoured since the pattern of substitution 1s recognizable -1t repeats after 48 residues. However, we cannot recognise any pattern 1n the substitutions at position 12, which include significantly large proportions of both addle and basic residues.
It may be surmised that strong polarity, regardless of net charge, 1s an Important attribute at this position.
Constraints on protein modelling
The most striking feature of both ice nucleation genes 1s their precise periodicity, especially where three orders of periodicity overlap.
Comparison of the genes has Indicated that this feature has a functional significance. It 1s reasonable to assume that the products of these genes, 1n their native conformation, should possess a corresponding periodicity 1n their tertiary structure. This Imposes a constraint on the structural modelling of such proteins. An additional constraint 1s suggested by the dogma that an 1ce nucleus functions by lattice-matching with 1ce. This leads to the expectation that the proteins' structure should be at least partially topotactic with the crystal structure of 1ce. Even 1n the absence of direct evidence of the protein's structure, these two constraints restrict modelling considerably. Relatively few models can Incorporate the necessity of all three orders of repetition (8x1, 2x8, and 3x16) 1n forming a structure topotactic with 1ce. Two such models The (2x8) and (3x16) periodicities are explained 1n different ways by the two models, although 1n both cases they are related to the "magic numbers" 1n the space group of 1ce I, P6-3/mmc (22).
Both models make simple predictions: each octapeptide should be turned by at least 60° relative to Its covalent neighbour, and not all turns should be Identical, although all should be performed by the equivalent portion of the octapeptide.
To refine these models, an algorithm (23) was used to make secondary structure predictions for both the InaW and InaZ proteins, and these are shown 1n Figure 8 . They suggest that turns will be performed by the portion of the octapeptide whose consensus 1s GYG. They also suggest that much of the repetitive region will be beta-sheet. It 1s known that antiparallel stacking Increases the stability of beta-sheets, whereas the predictive algorithm cannot take this Into account. Within the postulates of models which predict extensive stacking (such as those 1n Figure 7) , the algorithm's prediction of beta-sheet should be regarded as a particularly strong Indication.
The distances between the backbones of stacked beta-sheets are known from other proteins. The mean value for antiparallel stacking (24), 4.7 A, is not greatly different from the mean distance between planes 1n 1ce I (25), 3.7 A. We have not attempted to predict the other dimensions 1n our models: it will be more appropriate first to obtain direct experimental evidence of protein secondary structure.
